A B S T R A C T Mediators of acute immunologic injury have been studied in vivo by producing arthritis in rabbit knee joints. A reversed passive Arthus lesion was produced by injecting antibody into the joint space and antigen intravenously. Injury was assessed by measuring leakage of serumii proteins and circulating radiolabeled proteins into the joint space and by the accumulation of neutrophils in the joint fluid. Inflammatory exudate was recovered for study by a standardized irrigation technique.
A B S T R A C T Mediators of acute immunologic injury have been studied in vivo by producing arthritis in rabbit knee joints. A reversed passive Arthus lesion was produced by injecting antibody into the joint space and antigen intravenously. Injury was assessed by measuring leakage of serumii proteins and circulating radiolabeled proteins into the joint space and by the accumulation of neutrophils in the joint fluid. Inflammatory exudate was recovered for study by a standardized irrigation technique.
Maximal vascular permeability developed 2 hr after injection as neutrophils accumulated about immune complexes in venule walls to produce structural injury. After 5 hr the number of neutrophils in the joint space rose rapidly, followed by a second rise in permeability at 8 hr. Neutrophil depletion abolished both peaks of permeability. It was then possible to reconstitute the synovial lesion in neutrophil-depleted rabbits by intraarticular injection of purified suspensions of neutrophils.
A requirement for complement was demonstrated in development of the lesion. Rabbits genetically deficient in C6 showed delay in vascular permeability, appearance of neutrophils, and histologic lesions. The delay was longer in normal rabbits depleted of C3. In C6-deficient rabbits depleted of C3, still further reduction in injury occurred.
Evidence was obtained as well for a chemotactic attraction of neutrophils in vivo. Antigen-antibody-complement complexes in the walls of blood vessels attracted neutrophils placed in the joint space of neutrophil-depleted rabbits. Omission of either antigen or antibody from this replacement reaction prevented the migration of neutrophils.
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INTRODUCTION
This study was undertaken to develop a model for examining the course of events, mediators, and products of acute immunologic injury in the whole animal. The knee joint was chosen as a natural, potential space into which injections might be made and from which fluid could be aspirated for study. The rabbit served as a convenient animal for evaluating immuniologic reactions.
Previous reports on immunologic synovial injury have dealt with histologic changes in subacute or chronic phases. Such lesions were usually produced by intraarticular antigen given to immunized animals (1) or by repeated injections of performed complexes (2) or other phlogistic substances. Acute arthritis caused by nmonosodium urate crystals has been studied in the knee joints of dogs (3) . Immunologic injury in vitro has shown that humoral products react with certain cells, especially neutrophils, to initiate release of injurious contents (4) . Still other in vitro techniques employing the chemotaxis chamber (5) have demonstrated how inflammatory exudates can stimulate migration of neutrophils (6) . At least three such factors are derived from complement: C3a (7), C5a (8, 9) , and the C567 trimolecular complex (10) . Their importance has become more evident with demonstration of decreased complement levels in human rheumatoid synovial fluids (11) Immunoreactants. Antibody to five times crystallized bovine serum albumin (BSA)1 (Armour Pharmaceutical Co., Chicago, Ill.) was produced in rabbits using methods previously described (13) . The antiserum was precipitated with ammonium sulfate at 50% saturation, and the resulting globulin fraction was passed over DEAE-cellulose at pH 8.0 in 0.02 M phosphate buffer. The pooled effluent was sterilized by micropore filtration (Swinnex 25; Millipore Corp., Bedford, Mass.) and frozen in single use portions.
Precipitin reaction was quantitated by the method of Heidelberger and Kendall as described by Kabat and Mayer (14) . A noncomplement-fixing anti-BSA fractionated from serum of hyperimmune ducks (15) was used in other studies. Specific antigen (BSA) dissolved in pyrogen-free saline was sterilized and frozen in portions.
Production of a utniform synovial lesion. A reversed passive Arthus (RPA) injury was produced by injecting antibody into the knee, or stifle, joint of rabbits then giving specific antigen intravenously. Unanesthetized animals were held supine, and ethyl alcohol was sprayed over their knees. Anti-BSA, 300 ,ug nitrogen in a 1 ml volume was injected medial to the patella into the left knee joint cavity using a disposable tuberculin syringe and 27 gauge needle. A suitable control, usually pyrogen-free saline, was injected in the same manner into the right knee. Immediately thereafter 3 mg BSA nitrogen was given into the lateral ear vein producing a circulating antigen level of 10-12 ,ug/ml of serum. The animals were then given 10 ACi of radiolabeled protein, usually RSA-m'I (rabbit albumin) or TG-'I (rabbit thyroglobulin), or both, i.v. After a selected time interval a blood sample was obtained for isotope counting. The animals were given 100 mg/kg carbon black (Pelikan, lot CII/1431A; Gunther-Wagner, Hanover, Germany) i.v. and sacrificed after 15 min with an overdose of sodium pentobarbitol. Each joint was immediately irrigated with 2.0 ml of saline containing 0.01 M EDTA as anticoagulant. Irrigant was recovered by aspirating the joint with a 2.5 ml plastic syringe and 23 gauge needle introduced posterior to the medial condyle of the femur (to avoid blood vessels). The amount of fluid aspirated, usually 0.5-1.0 ml, was measured and put in a plastic test tube. Each joint was then bisected, and synovial tissue was removed both for formalin fixation and freezing for fluorescent antibody studies.
The assessment of injury was divided into three general categories. Leakage of circulating proteins from injured blood vessels into the joint space as part of the inflammatory exudate was one. Most of these proteins such as RSA and TG were passively involved, but rabbit fibrinogen was also used. Each marker was labeled by chloramine-T (16) . After dialysis all were further purified by passage over Sephadex G-25 (Pharmacia Fine Chemicals, Inc., Piscataway, N. J.) or by animal passage to remove free 'I or 'I remaining. Counts per minute in irrigant fluid and 1 ml portions of serum from the same animal at the conclusion of the experiment were obtained using a well-type scintilla- (18) . This antiserum was thoroughly absorbed with cells other than neutrophils and with plasma to ensure specificity.
Purification of polymorphonuclear leukocytes. Rabbit blood neutrophils for repletion studies in neutrophil-depleted animals were obtained by modification of a gelatin sedimentation technique previously described (19) . Briefly, this method consisted of bleeding rabbits from an ear artery into acid citrate dextrose solution, centrifuging at 500 g for 20 min, and aspirating the platelet-rich plasma and buffy coat (containing mononuclear cells). The neutrophil-red cell sediment was resuspended in 2.5% gelatin and allowed to settle by gravity at 37°C for 30 min. The neutrophil-gelatin supernatant thus formed was aspirated, centrifuged at 225 g for 10 min, and the cells washed with pyrogen-free saline.
Such preparations were 85-95%o neutrophils. The total yield was determined, and a final cell sediment was resuspended in saline to the desired concentration.
Studies with complement depletion. The anticomplementary properties of the venom of cobra Naja naja (Ross Allen's Reptile Institute, Inc., Silver Springs, Fla.) have recently been described in detail (20) . In the present study cobra venom factor (CoF) was obtained by chromatography on DEAE Sephadex A-50 (Pharmacia Fine Chemicals, Inc.) It eluted in a fraction from a linear salt gradient at 0.22 M ionic strength. Doses of 300 U/kg divided over 24 hr produced decomplementation evidenced by 85-90% depletion of activity in a hemolytic assay (21) .
RESULTS

Development of immunologic injury in the synovium
Relationship of injury to dose of antibody. 24 rabbits were given varying doses of anti-BSA antibody intra-articularly, followed by a constant amount of BSA i.v. Control animals received antibody alone, and all animals were examined at 5 hr. The degree of injury (average points) was related to the dose of antibody as seen in Fig. 1 Only 5% of RSA-I5J injected into the joint space was recovered after 60 min. If a labeled marker was injected after inflammation had developed, however, its egress into the circulation was sliglhtly more rapid than from controls when the plasma was examined at 5-min intervals. Aside from their rapid loss from the joint space, isotope preparations had some phlogistic properties which altered results. For these reasons isotope appearance in the serum was discarded in favor of its accumulation in the joint fluid from the circulation. Incorporation of this measure of svnovial damage in the model is shown in Figs. 1 and 2 .
Development of injury f7s a function of time. Fig. 2 shows the results of experiments in which a standard injury was produced and rabbits were evaluated serially. The increase in vascular permeability resulting from this Arthus type injury peaked at two times. Each of the radiolabeled proteins used showed a gradual increase in concentration in the joint irrigant of controls. In joints injected with antibody, however, a prompt exudation occurred becoming maximal at 2 hr. Over the next 4 hr less radiolabeled and total protein wras imieasured in the joint space. 7 hr after injection a second increase in permeability began, reached its height at 8 hr, then also declined.
Histologic changes over the same time period were evaluated. As early as 30 min after joint injection, neutrophil margination and emigration from venules could be observed histologically, along with carbon deposition about the vessel walls. The number of neutrophils around venules in the superficial synovium continued to increase until the 5th hr, gradually obliterating the lumens of more vessels. The discrete lesions in the loose, reticular tissue of the synovium were striking (Fig. 3a.) Fig. 3a with 3b and 3c ) could be produced by injecting 1 X 108 neutrophils into the joint space. The increased permeability measured at 5 hr in this reconstituted lesion was 3-5 times that in joints receiving cells and antibody but without i.v. antigen to complete the reaction. Neutrophils infused without both antibody and antigen showed no histological evidence of directional movement, and few entered the synovium (Fig. 3d) . For control studies rabbit blood was separated into erythrocyte, mononuclear cell, neutrophil, and platelet fractions (the latter in a concentration 25 times that contaminating the usual neutrophil preparation). Portions of each component were introduced into different joints, but only the neutrophils produced (Fig. 4) . Leakage of RSA-I251 began promptly, though it was one-third less than the normal levels at 30 min. At 2 hr when permeability in normal rabbits had become maximal, permeability in C6-deficient animals had not progressed. It was not until 6 hr after injection that the rate of leakage in these C6-deficient rabbits reached that in normal ones. Changes in protein nitrogen levels in the exudate (not shown) paralleled closely those of the isotope as it had in other studies.
Vascular lesions observed histologically in synovium of C6-deficient rabbits were also delayed. A few neutrophils accumulated around venules at 30 min, but the appearance of the lesions did not progress appreciably for another 3 hr. By 5 hr these lesions appeared the same as those in normal animals. As can be seen from Fig. 4 , the appearance of neutrophils in the joint space was also somewhat retarded. These variations from normal applied only to homozygous C6-deficient rabbits for their heterozygotes developed lesions just like the New Zealand strain. C6-deficient rabbits were treated with nitrogen mustard and used in replacement experiments. Neutrophils from New Zealand rabbits were infused into joints of such rabbits in the manner described above. The neutrophil accumulation around venules was significantly less intense than that in neutrophil-depleted New Zealand rabbits receiving injections to serve as positive controls for the cell suspensions.
C3-depleted rabbits. The level of hemolytic complement in New Zealand rabbits was decreased to 7-15% of normal by repeated injections of CoF. In these C3-depleted animals the appearance of vascular permeability with the usual RPA injury was markedly delayed. Fig. 4 shows that the highest rate of permeability increase attained in these animals was only half that of normal ones. At 2 hr, the time of maximal permeability of normal rabbits, CoF-treated animals with antibody in $ Rabbit anti-BSA preparation used in other studies, compared directly with duck preparation in contralateral joint.
the joints showed no more permeability than saline controls. Maximum permeability in C3-depleted rabbits was reached at 5 hr but was little more than half the level achieved in normal rabbits. Histological lesions in rabbits treated with CoF did not develop in the early hours. Appearance of neutrophils in the joint space was also retarded. In normal rabbits the counts at 3 and 7 hr were 10-11,000 and 38,000/mm3, respectively, while in CoF-treated animals values of 1400 and 12,500 were observed at these times. Neutrophil replacement lesions in neutrophil depleted, C3-depleted rabbits showed less vascular permeability and fewer neutrophils at sites of antigen-antibody reaction in vessel walls at 5 hr.
C6-deficient rabbits treated with CoF. Experiments were performed to determine whether the effects of C6 deficiency together with C3 depletion would further reduce the accumulation of neutrophils and injury of RPA arthritis. When C6-deficient rabbits were treated with CoF, significant permeability did not occur until the 10th hr and was never as pronounced as in normal animals (Fig. 4) .
The histologic picture in the late developing lesions here was mixed. Generally minimal vascular injury occurred, but a few actively developing lesions mixed with regressing lesions were seen. Migration of neutrophils into the joint space was also delayed until about 10 hr after the reaction had begun.
Noncomplement Fluorescent antibody studies. Sections of synovial tissue were stained with fluorescein-conjugated antibody. In this way it was possible to confirm the deposition of immune complexes and C3 in the venules of injured joints. They were present in synovium of normal New Zealand animals 30 and 60 min after injection. After 2 hr complexes could not be found in normal rabbits. For comparison, RPA was produced simultaneously in C6-deficient animals where vascular permeability and neutrophil accumulation was delayed. Here complexes were not rapidly degraded and were still clearly evident at 2 hr. Similar deposits were found at these times when staining was done with the conjugated anti-C3 antibody. DISCUSSION These results indicate that it is possible to quantitate certain aspects of acute immuniologic injury in vivo and to correlate functional events with histologic observations. The essential role of neutrophils in this Arthus type lesion was shown not only by depletion studies, but also by (lirect intraarticular replacement of these cells. In the presence of antibody in the joilnt and circulating antigen, neutroplhils in such replacemenit experiments migrated from the joint space to venules in the synovium. Neutrophils in these reconstituted lesions decreased in number leavinig a phase of mononuclear predominance. Replacement experiments such as these should make it possible to alter specific neutrophil functions in vitro and to return the cells to homologous aninmals to study their function in vivo. Another feature of this model is that it allows recovery of components of the inflammatory process at various times during the development of injury.
The development of these reversed Arthus lesions canl be explained by the fact that when a solution is injected into the joint space it enters the circulation through venules in the synovium (22 (25) . Their studies showed a similar rate of loss of albumiiin and TgG from the knee joint.
The fact that our results showed a much faster loss of substances from the joint than those of Rodnan and \IacLachlan (our 5% recovery at 1 hr vs. their 25%o remaining after 24 1r) was probably because we calculated percentage of injected dose actually recovered from the joint. Their results were made by collimated external counting over the whole joint (26) . These observations meant that, for this model, static measuremenits ma(le on arthritic exudate could best be used for comparison with results from other joints rather than as some indicator of total injury produced. Even so, the parameters employed reflected events of the ongoing, dynanmic process reliably andl with sensitivity.
The studies of conmplement depletion indicated how chemotactic factors might function-in the development of this lesion in vivo. The slower rate of injury developing in C6-deficient rabbits suggested interference with formation of the C567 trimolecular complex and offered evidence that this factor participates in chemotaxis in vivo. Alternatively, in the absence of C6, the rate of C5 interaction and formation of C5a might be diminished (27) . Our demonstration of C3 in these immune precipitates by fluorescent antibodies meant that this molecule was available to form the chemotactically active C3a fragment and to cause the lesion to progress.
When the level of C3 had been reduced by CoF, development of early histologic lesions and permeability were diminished or abolished. Some C3 was always available and depletion never complete. Presumably, with time, remaining C3 could generate some active fragmlent. Once the reaction began, chemotactic factors C5a and C567 generated later in the sequence would appear. Important to this interpretation were the observations that neutrophils from C6-deficient and CoFtreated rabbits released enzymes normally during phagocvtosis (19) and exhibited normal chemotaxis and immune adherence in vitro (20) .
Neutropllil replacement studies in rabbits lacking complement components showed diminished neutrophil accumulation and less vascular permeability as well. Thus it has been possible to show that replacement of neutrophils alone will restore the Arthus lesion and that complement depletion will alter their movement to immune complexes in vessel walls. This method avoids the perennial criticisms both of possible side effects from producing agranulocytosis with nitrogen mustard and of having to use whole blood to reconstitute the lesion. Failure of noncomplement-fixing antibody (avian) to produce an RPA lesion gave still more substaince to our contention that complement-derived chemotactic factors play an importaint role in the development of this experimental immunologic lesioIn.
The diaphanous appearance of synovial tissue in hlistologic sections made it an excellent site for following histologic development of Arthus lesions (Fig. 3) . In injured joints of normal animals neutrophils accumulated rapidly around venules. Fluorescent antibody was used to demonstrate the presence, then degradation of immune complexes around venules. Lumens became obliterated by neutrophil plugs, and new vessels became patent. After 5 hr the nulmiber of neutrophils decreased and lesions began to resolve, leaving eosinophilic deposits and nuclear debris. At later hours neutrophils accumlulated under the synovial lining as more of them entered the joint space and became enmeshed in the inflammatory exudate.
The finding of twAo peaks of activity in vascular permeability suggested that more than simple venular injury due to Arthus lesions was taking place. Leakage of circulating radiolabeled proteins began almost immediately after injection into injured joinlts. It achieved a maximal rate at 2 hr when migration of neutrophils across vessel wTalls Mwas most intense. The molecular size of isotope markers (i.e., rabbit albumin and thyroglobulin) did not alter the time at which they entered ;5(i the joint (Fig. 2) . This indicated that despite the size difference between the radiolabeled proteins, damage to vessel wall integrity by neutrophils was too great to impede their passage.
The rise in permeability at 8 hr took place as vascular lesions were decreasing and the inflammation within the joint space itself grew more intense. This secondary peak in permeability probably has more than one cause. It was difficult to study because it could not be separated from the initial period of vascular damage. The finding of increasing numbers of neutrophils in the joint space at this time may explain part of the permeability. Labeling of the antigen in-some experiments allowed demonstration of immune complexes in the joint space at later hours. As complexes formed and were phagocytosed, anaphylotoxins derived from complement components and soluble products from neutrophils might diffuse back into the synovium to initiate a secondary injury.
